Abstract: We describe herein the synthesis and characterization of ruthenium complexes with multifunctional bipyridyl diphosphonate ligands as well as initial water oxidation studies. In these complexes,t he phosphonate groups provider edoxpotential leveling through charge compensation and s donation to allow facile access to high oxidation states.T hese complexes displayu nique pH-dependent electrochemistry associated with deprotonation of the phosphonic acid groups. The position of these groups allows them to shuttle protons in and out of the catalytic site and reduce activation barriers.A mechanism for water oxidation by these catalysts is proposed on the basis of experimental results and DFT calculations.The unprecedented attacko fw ater at an eutral six-coordinate The oxidation of water to oxygen provides the redox equivalents and protons required to store solar energy in chemical bonds in natural photosynthesis.
Abstract: We describe herein the synthesis and characterization of ruthenium complexes with multifunctional bipyridyl diphosphonate ligands as well as initial water oxidation studies. In these complexes,t he phosphonate groups provider edoxpotential leveling through charge compensation and s donation to allow facile access to high oxidation states.T hese complexes displayu nique pH-dependent electrochemistry associated with deprotonation of the phosphonic acid groups. The position of these groups allows them to shuttle protons in and out of the catalytic site and reduce activation barriers.A mechanism for water oxidation by these catalysts is proposed on the basis of experimental results and DFT calculations.The unprecedented attacko fw ater at an eutral six-coordinate The oxidation of water to oxygen provides the redox equivalents and protons required to store solar energy in chemical bonds in natural photosynthesis. [1] This energy is used by living organisms in respiration, reproduction, and growth. Ford ecades,s cientists have tried to emulate photosynthesis to store solar energy as useful fuels.O wing to demands imposed by unprecedented levels of worldwide energy consumption and changes to the global climate,t his goal has become more than as cientific curiosity.R eaching this milestone requires the development of water oxidation catalysts capable of promoting this half reaction efficiently,at high rates,and for long periods of time.
Known molecular catalysts for water oxidation include both multinuclear [2] and mononuclear complexes; [3] single-site catalysts are ap articular case of each of these types. [4] Molecular systems are attractive because of the potential to tune their properties by varying the ligand and/or metal. [5] Among these systems,r uthenium complexes incorporating 2,2'-bipyridine-6,6'-dicarboxylic acid (bdaH 2 ;Scheme 1) have drawn significant attention because of their impressive water oxidation rates with cerium(IV) as as acrificial oxidant. [3a,b] Thec arboxylate groups in the bda 2À ligand increase the electron density on the Ru center, thus enabling easier access to high oxidation states.T hey can also inhibit anation by providing charge compensation in high oxidation state intermediates. [6] Thec atalytic activity of [Ru(bda)(L) 2 ]c atalysts can be enhanced by the addition of bases. [7] This behavior is also known for other catalysts and originates from the involvement of proton transfer in the rate-limiting step. [8] However,t he [Ru(bda)(L) 2 ]f amily of catalysts follows ab imolecular pathway for OÀOb ond formation. As ar esult, rates of site-isolated catalysts for water oxidation on metal-oxide surfaces are orders of magnitude lower than for freely diffusing catalysts in solution. [6] We report herein ruthenium complexes with the ligand 2,2'-bipyridine-6,6'-diphosphonic acid (bpaH 4 ;S cheme 1). Initial studies show distinct electrochemical behavior associated with proton-coupled electron transfer (PCET) owing to deprotonation of the phosphonic acid groups,t hus enabling easy access to high oxidation states.B esides providing effective electron donation and charge compensation similar to the bda 2À ligand, the bpaH 2 2À ligand introduces three key functionalities:T he water solubility and stability of the complexes are increased;the PCET nature of the oxidations (see below) leads to substantially lower oxidation potentials; and the deprotonated phosphonate bases can facilitate proton transfer at the catalytic site.T hese compounds display excellent activity towards catalytic water oxidation and follow asingle-site mechanism, [4] although with some unique variations.The activity of single-site catalysts is retained when site-isolated on metal-oxide surfaces,adesirable property for true device configurations. [4a, 6] À anion in the crystal lattice,and it is connected to an etwork of water molecules through hydrogen-bonding interactions (see Figure S25 in Table S1 ), [6] Figure S11 ).
Asecond one-electron couple is discernible from pH 0to approximately pH 4.7 at much higher potentials than the Ru III/II couple,j ust before the onset of ac atalytic water oxidation wave.T here appears to be significant base-assisted enhancement of the water oxidation wave,ascan be inferred from the increase in catalytic current when going from H 2 Oto H 2 PO 4 À to HPO 4 2À as the dominant proton acceptors at pH 1.0, 2.9, and 6.5, respectively.This result is consistent with aproton-transfer event in the rate-limiting step. Figure 3( (1)- (5) and calculated pK a values for the different species involved (see Table S3 ). From pH 0t o1 .3, the observed slope of À30 mV per pH unit is the average of the two slopes given by Equation (1) (0 mV per pH unit) and Equation (2) 2 ]o fa pproximately 4.5 was also observed by absorption spectroscopy (see Figure S13 ). Finally,a bove pH 4.5, the redox process is described by Equation (5) and becomes pH-independent, consistent with the results in Figure 3 Figure S17 . Forarange of catalyst concentrations,t he data have been fitted to as ingle process, and plots of the observed first-order rate constants for the disappearance of Ce IV were used to calculate overall rate constants,s ee Figure S18 . Ther esults are consistent with ar ate-limiting oxidation step governed by the rate law in Equation (6) 2 ]f rom the oxygen-evolution plot.
It is difficult to obtain experimental redox potentials past Ru IV owing to the electrocatalytic water oxidation wave.T he proposed single-site mechanism for water oxidation by [Ru-(bpaH 2 )(L) 2 ]s hown in Scheme 2r elies on DFT calculations for all intermediates past Ru IV .T he first step in the scheme is shown as aone-electron/2H
+ step for simplicity,but it is more complex than that (see discussion of the Ru III/II couple above À is aP CET process [Eq. (7)].
These results are in full agreement with the experimental results:t he onset of water oxidation catalysis is just past the Ru IV/III couple,and there is significant base-assisted enhancement of the water oxidation wave with the involvement of aproton-transfer event in the rate-limiting step [Eq. (7) 
ÀOOH]
2À in ap rocess analogous to the atom-proton transfer (APT) observed in the O À Ob ond-formation step for other singlesite catalysts. [8] However,i nt his case the initial proton acceptor is one of the phosphonate groups of the bpa 4À ligand (see Figure S20) Bipyridyl diphosphonate ligands introduce multifunctionality in water oxidation catalysis.T hese systems allow access to high-valent metal-oxo species at mild potentials through redox-potential leveling due to charge compensation and sdonation effects.Furthermore,the phosphonate groups act as proton shuttles to move protons in and out of the catalytic site,t hus lowering activation barriers in PCET processes, particularly the key O À Ob ond-formation step.F inally,f or bimolecular catalysts,s uch as [Ru(bda)(L) 2 ], the catalytic activity is significantly reduced on metal-oxide surfaces with site-isolated catalysts. [6] For[ Ru(bpaH 2 )(L) 2 ]c omplexes,t he catalytic activity is expected to remain unaltered on metalScheme 2. Proposed mechanism at pH 1.0.
Angewandte oxide surfaces as part of chromophore catalyst assemblies owing to their single-site nature.T he incorporation of these catalysts in chromophore-catalyst assemblies is the subject of ongoing studies.
Experimental Section
Experimental procedures,computational details,and additional data are available in the Supporting Information. CCDC 1430167, 1430168, and 1430169 contain the supplementary crystallographic data for this paper.T hese data can be obtained free of charge from TheC ambridge Crystallographic Data Centre.
